Ultrasound and microwave techniques were used to extract tobacco alkaloids, and response surface methodology was used to optimize extraction conditions. Ultrasonic technique factors were temperature, 30-85°C; time, 3-45 min; solvent volume, 8-80 mL. Microwave extraction factors were pressure, 15-75 psi; time, 3-40 min; power, 30-90% of the maximum magnetron power of 650 W. Soxhlet and solvent AOAC-modified extraction methods were also applied after some improvements. Nicotine, nornicotine, anabasine, and anatabine were quantified by gas chromatography. A steam distillation International Standards Organization method for total alkaloid evaluation was used as reference. The results obtained by the different methods were compared using a least squares deviation test. The ultrasonic and the proposed modified-AOAC extraction method were the more convenient with regard to practicability and precision. The relative deviations (n = 5) were as follows: For the ultrasonic method in low-level alkaloid tobaccos, 0.7% nicotine and 1.4-14% minor alkaloids; in high-level alkaloid tobaccos, 2.4% nicotine and 4.5-5.1% minor alkaloids. For the modified AOAC method in low-level alkaloid tobaccos, 0.9% nicotine and 2.4-11.6% minor alkaloids; and in high-level alkaloid tobaccos, 1.7% nicotine and 2.0-2.4% minor alkaloids.
T he correct evaluation of alkaloids in tobacco is of great importance because of the role of alkaloids in tobacco flavor and in public health (1, 2) . Extraction is perhaps the most essential step in the evaluation process. The determination of individual tobacco alkaloids is usually performed by gas chromatography (GC). Independently of the method of quantification, however, samples must be submitted to time-consuming preparation to extract the alkaloids from the complex tobacco matrix. Many of the conventional extraction procedures, such as Soxhlet, involve lengthy operations, large consumption of reagents, and eventually alkaloid degradation. Most laboratories determine total alkaloids in tobacco as nicotine, applying an International Standards Organization (ISO) method (3) based on steam distillation and spectrophotometric quantification.
Shaking extraction procedures using different solvents have also been used, and it has been verified that the presence of water increases the extractive power of the solvents (4) . Methods based on the selective solubility of alkaloids in organic solvents and in water have been applied, for example in the AOAC method (5) , to quantify the total alkaloids (as nicotine), tertiary alkaloids (as nicotine), and secondary alkaloids (as nornicotine) by colorimetry.
The extraction of alkaloids by Soxhlet has been used with several solvents, e.g., methanol as proposed by Burns and Collin (6) , which quantifies nicotine and minor alkaloids by gas chromatography in different tobacco types.
Ultrasonic extraction uses high frequency sound to disrupt or detach the target analyte from the matrix. Severson et al. (7) proposed a method based on ultrasonic extraction, for individual alkaloid quantification with methanolic 0.05N KOH as extracting solvent. In a previous study comparing 3 extraction methods (Soxhlet, AOAC-modified, and an ultrasonic method), the best results were obtained by the AOAC method (8) .
Microwave energy has been used to digest different matrixes. Improvements in design and software of microwave equipment have permitted safe control of pressure and temperature, making it possible to use microwave energy for the solvent extraction of several organic compounds (9) . Microwave-assisted extraction (MAE) enhances the effectiveness of solvents (polar solvents) in contact with solid samples, and has been applied to different matrixes such as biological materials, food, and soil (10) (11) (12) (13) . Alternatively, the microwave-assisted process (MAP) uses microwave energy-transparent solvents (apolar solvents), and consists of a partitioning mechanism in which the sample acts as a good dielectric in the presence of a low-dielectric, poorly heated solvent (9, 14) . MAE was used by Bichi et al. (15) for extraction of pyrrolizidine alkaloids from Senecio spp. dried plants. The recent progress in ultrasonic and microwave extraction has increased interest in evaluating and optimizing the applicability of such methodologies to the extraction of tobacco alkaloids.
In the present study, an ultrasonic and a new microwave-assisted extraction method were optimized using response surface methodology RSM (16) . These techniques were based on mathematical and statistical methods used for modeling and analyzing a response that is influenced by a collection of variables. The optimum response was found by using the fitted model. To simultaneously optimize 3 controllable parameters for ultrasonic and microwave-assisted extractions of tobacco alkaloids, RSM was applied through a central composite rotatable second-order design (CCD). Nicotine concentration in tobacco was the response evaluated. A second-order polynomial equation was used to approximate the response: quadratic, and interactive effects, respectively; and x i , x ii , and x i x j represent the linear and interactive effects of the independent variables (16) .
The optimized conventional methods were compared after some modifications to make them more practical. Differences between the methods were investigated by the comparison of means using the least squares deviation (LSD) test (16) . The precision and practicability were analyzed and are discussed below.
Experimental

Materials and Chemicals
A flue-cured (low-level alkaloids) tobacco from France and a Burley (high-level alkaloids) tobacco from Guatemala were obtained directly from Tabaqueira, Portugal. The cured tobaccos were dried overnight (15-18 h) in an oven at 50°C, and ground to 0.4 mm in a Wiley No. 4 mill.
All reagents used were of analytical grade. Nicotine, nornicotine, and anabasine were obtained from Sigma Chemi- 
METHODS
Extraction Procedures
Steam distillation.-A normalized ISO method (3) was followed. Approximately 1 g ground tobacco was subjected to steam distillation under strong alkaline conditions, followed by spectrometric measurement of the distillate absorption to evaluate the total alkaloid concentration, expressed as percentage of nicotine.
Solvent extraction.-An AOAC method (5), based on the work of Cundiff and Markunas (17) was applied. Some modifications such as sample weight were introduced; however, the proportion of different reagent volumes was maintained. Centrifugation was used to improve phase separation. An alternative high resolution GC quantification method was used. For the modified method, 1 g ground tobacco was accurately weighed into a 100 mL Erlenmeyer flask; 1 mL of each of 2 internal standards (quinaldine and 2,4′-bipyridyl) and 6 mL 5% acetic acid were added and swirled until the tobacco was thoroughly wetted; and 40 mL benzene-chloroform solution, and 4 mL 36% sodium hydroxide were then added. The flask was tightly stopped and shaken for 20 min using a wrist-action shaker. Contents of the flask were centrifuged and then filtered through Whatman No. 4 paper, and the benzene-chloroform extract was subsequently analyzed by GC. 6000 rpm during 15 min. Soxhlet extraction.-Ground tobacco (2 g) was extracted with methanol for 2 h in a Soxhlet system according to a method proposed by Burns and Collin (6) for GC alkaloid quantification. Two mL of 2 internal standards, quinaldine and 2,4′-bipyridyl, was added to the tobacco sample.
Ultrasonic extraction.-In previous studies, some solvents were tested by ultrasonic extraction. It was verified that water and temperature control improved the extractive capacity of solvents (18) . However, taking in account that water is not recommended in subsequent GC analysis, an ultrasonic extraction based on Severson's method (7) with methanolic potassium hydroxide was implemented. The influence of extracting volume, temperature, and time in ultrasonic extraction was tested and optimized by RSM. Considering previous studies and keeping temperature below methanol boiling point, a preliminary CCD was established, varying the temperature between 30 and 60°C, time from 3 to 25 min, and solvent volume between 8 and 50 mL. From the results, a second CCD was implemented (Table 1) . Extractions were performed in an ultrasonic cleaning bath (Elma Transsonic T660/H) with a thermostatic heater (Clifton, NE 4-T, Nichel-Electro, North Somenrset, UK.
The optimized ultrasonic extraction method was performed as follows: To 1 g ground tobacco, accurately weighed, 1 mL of each of 2 internal standards (quinaldine and 2,4′-bipyridyl) and 40 mL of a solution containing 0.05M KOH per liter of methanol were added into a round flask with a vertical condenser. The extraction was performed at 82°C for 40 min.
Microwave extraction.-To avoid damaging the tobacco alkaloid extraction, MAP was considered because of its analyte cooling extracting capacity. Preliminary experiments, using a STAR System 2, a microwave technology (CEM) with open vessel microwave digestion, were performed with benzene and hexane. Because moisture is an essential parameter in MAP, leading to cell rupture and diffusion of its content into the cooler solvent, water was added to the tobacco. Experiments were developed with samples containing 1 and 2 g ground tobacco with 20-60% of water by weight, 25 mL solvent, and extracted by microwave digestion with different time/temperature programs. In spite of the minimized risk of analyte degradation, only 20% of the expected value was obtained.
MAE was also applied using a CEM MDS-2000 (900 W magnetron delivers at maximum 650 W) microwave digestion system equipped with closed CEM PFA, all Teflon containers and pressure control, which allow higher temperatures without solvent boiling. This equipment has no temperature control and no vapors exhaustion. To be consistent with other methods, a tobacco + solvent proportion of 1 g tobacco to 40 mL extracting solvent volume was used. A solution containing 0.05M KOH per liter methanol was used, as in other reported tobacco alkaloids extractions (7, 15) . Considering that pressure, time, and power were the main influencing factors, the RSM was used to optimize these extraction conditions ( Table 2 ). The optimized microwave method was performed at 75 psi for 40 min at 60% total power. a x 1 = Coded pressure; x 2 = coded time; x 3 = coded power. b * Significant at 10%; ** significant at 5%; *** significant at 1%.
GC Analysis
The alkaloids were analyzed by a GC method Lourenço et. al. (19) with a 5890 Model series II Hewlett Packard (HP) gas chromatograph equipped with an HP GC automatic liquid sampler and an HP 3396 integrator. A capillary poly 5% diphenyl-95% dimethyl siloxane base modified, bonded PTA5 column (Supelco, Bellefonte, PA; 30 m, 0.25 mm, 0.50 µm) was used with the following oven programs: for nicotine an initial temperature of 160°C for 9 min, 160-280°C at 30°C/min, and finally 280°C for 5 min; for the other alkaloids an initial temperature of 150°C for 20 min, 150-280°C at 25°C/min and finally 280°C for 5 min. Linear flow velocity of helium was adjusted to 30 cm/s at column temperature of 160°C; injector temperature to 250°C, and flame ionization detector to 300°C; 1-3 µL extract volumes were injected in split mode (1:20) .
The different alkaloids were quantified with calibration curves. Because it was not possible to purchase anatabine, the response factor of this alkaloid was taken to be the same as for anabasine. Two internal standards, quinaldine (10 mg/mL methanol) for nicotine analysis and 2,4′-bipyridyl (0.2 mg/mL methanol) for minor alkaloids evaluation were used. Low level alkaloid extracts were concentrated at 40°C in a rotorvapor before GC analysis.
Results and Discussion
Optimization
Ultrasonic extraction.-Optimization of the ultrasonic extraction was evaluated by quantification of nicotine with a second-order CCD using the limits shown in Table 1 . The first RSM analysis showed that higher temperature, longer time, and larger solvent volume increased nicotine extraction. A second design was implemented using more suitable limits (Table 1 ) made possible by adaptation of a condenser to the extraction vessel. Table 3 presents the experimental design and the results of nicotine concentration. Four replicates at the central point were performed to allow estimation of the pure error sum of squares. The ordinary least squares regression method was applied to estimate the function. The regression and its analysis were made with Statistica Version 5.0 software (StatSoft). Residual homogeneity and normality were tested, and in both cases, the null hypothesis was accepted.
A second order model was fitted and the effects were evaluated by analysis of variance (ANOVA) as a test for significance (Table 4 ). The full model was significant at 99% confidence with R 2 = 0.94 and R Adj 2 = 0.87. Temperature and time linear effects were significant at 99% confidence. Quadratic effect of temperature was also significant with 95% confidence. As solvent volume was not significant, a second model was fitted, suppressing that factor (Table 5) . This model was also significant at 99% significance with R 2 = 0.92 and R Adj 2 = 0.89. Temperature and time linear effects and quadratic effect of temperature were also significant at 99% confidence. Figure 1 shows nicotine extraction with time and temperature variations. Optimum point for this model was temperature = 82ºC and time = 40 min. A volume of 40 mL was adopted.
Microwave-assisted extraction.-A set of 18 experiments using the limits of Table 2 was used for optimization. A second order equation was fitted to nicotine concentration (Table 6). The goodness of fit was assessed through ANOVA after normality and homogeneity tests ( Table 7 ). The full model was significant at 90% confidence with R 2 = 0.78 and R Adj 2 = 0.53. These results reveal a rather low adjustment of the model which may be due to the inclusion of some insignificant terms. However, the model can be considered as acceptable for a preliminary study, having R 2 > 60% (20) . Pressure and time linear effects were significant at 99 and 95% confidence, respectively. None of the quadratic effects were significant, which allows us to conclude that neither a maximum nor a minimum of the response function was reached. Little curvature may signify that operating conditions are far from the optimum.
Analyzing response surfaces (Figure 2 ), we can state that more pressure and time were needed to reach the optimum; however, the lack of temperature control and practical constraints made the safe use of other limits impossible. In spite of the low significance of power input, the graphs suggest that an intermediate value should give the best result. Consequently, the method was developed with maximum equipment security at pressure of 75 psi for 40 min and with 60% maximum magnetron power.
Comparison of Methods
To assess method adequacy for the analysis of high and low alkaloid levels, 2 tobacco samples were chosen. Five replicate experiments by each method were simultaneously developed. Significance of differences between alkaloid mean concentration values and their deviations (ts/ n ) were evaluated using an LSD test with 95% significance (Table 8) .
For low level alkaloid tobaccos, all the methods extracted similarly precise amounts of the different alkaloids except anatabine. For high level alkaloid tobaccos, the Soxhlet method extracted significantly less nicotine with lower precision, and the microwave method was less efficient in the extraction of secondary alkaloids. Considering the practicability of the studied methods, the solvent purification extraction method (AOAC modified method) is perhaps more laborious; however, several experiments can be performed simultaneously. In spite of using benzene, this method has the advantage of producing cleaner extracts, which generated chromatograms with fewer peaks. The Soxhlet method used long extraction times with large solvent volumes, which required concentration of the extracts and led to eventual alkaloid degradation, possibly one explanation for the lack of precision.
Ultrasonic extraction is a practical method, and the use of a higher temperature and a higher extraction time increased extraction efficiency. Microwave-assisted extraction is a simple and rapid method which leads to satisfactory extractions in spite of the less precise minor alkaloid results. Eventually, results could be improved with higher pressure (Figure 2 ) if a temperature control device is used. Thus, in terms of practicability and precision, the proposed modified AOAC and the ultrasonic methods were the more convenient. The best relative deviations ts / n Y 100% ×         were obtained with these methods, ranging from 0.9 to 11.6% with the modified AOAC method and from 0.7 to 14% with the ultrasonic method.
Comparison of total alkaloids obtained by the different methods with the standard ISO method showed that higher contents (especially for high-level tobacco alkaloids) were achieved by either method. The total alkaloids by ISO method agrees with only nicotine quantified by the other methods (Figure 3 ).
